Introduction
This is the fourth in a series of papers describing the palaeomagnetic pole positions obtained from Atlantic islands (Watkins et al. 1966a, b; . These include the Canary Islands and Madeira, which together with the Selvagens, the Azores and the Cape Verde Islands, constitute the Macaronesian insular group. The palaeomagnetic surveys are forming the bases of diverse geological surveys, some of which have already been reported (Abdel-Monem et al. 1967) .
Recent evidence consistent with crustal spreading (Vine 1966; Heirtzler & Hayes 1967) and continental drift in the Atlantic (Hurley et al. 1967) if valid, would suggest that data pertinent to differential crustal spreading, or rotation about a vertical axis (Pitman & Heirtzler 1966, Fig. 5 (b) ), in this part of the east Atlantic is worthy of consideration. Thus, although incapable of detecting latitudinal movement in Tertiary rocks, palaeomagnetic methods in low latitudes can provide evidence relevant to major possible crustal tectonics in the Atlantic, in addition to delineating the local stratigraphic potential of any existing polarity variations within an island. At present, palaeomagnetic polarity measurements appear to offer the most promising stratigraphic tool in volcanic areas, because of the general lack of stratigraphically useful sediments and fossils. The local stratigraphic value would be low, however, if only a single polarity were recorded by the igneous material. 
FIG. 2(a)
Tiago, from close to Praia. Hausen (1956, p-242) has summarized much geochemical data from Atlantic islands, and shows that the Cape Verdes are easily the most alkali rich of the Atlantic. McRirney & Gass (1967) beleive that this property is inherent to islands well separated from the mid-Atlantic ridge, reflecting magma genesis zones quite different from the areas close to the ridge. Bebiano (1932) has suggested that the linear distributions of the islands may be Bebiano (1932) . Each sample location map shows major roads or tracks, and settlements. Major topographic features are indicated by solid triangles, with the height given in metres.
controlled by major faults. Part (1950a) has summarized some other speculations about the origin of the islands. Friedlander (1913) believes that the orogeny which created the Atlas mountains also gave rise to the Cape Verdes. He has described raised beaches at 280, 350, and 500m above sea level. Wilson (1963a) believes that large uplift on oceanic islands may be a manifestation of an association with an oceanic ridge system.
The age of the Cape Verde islands, when compared to those of other islands, has been used by several authors (Wilson 1963b; Vogt & Ostenso 1967) to be indicative of crustal spreading, implying therefore that the Mesozoic carbonates originated when the Atlantic Basin was very narrow. Menard (1965) has commented on Wilson's (1963b) data, and McBirney & Gass (1967) use petrological arguments in opposing the implication that non-axial volcanic islands orginate at the axial zones.
Experimental methods
Field methods. The palaeontological work referred to above provides maximum ages for the sampled islands. Major unconformities separate the sample basalts from the fossiliferous sediments on Maio and Sal, and ' complexes ' (zones dominated by dikes and sills) underly the sampled areas in Sao Vicente, and Sao Nicolao. The sampled bodies would appear to be overwhelmingly Miocene in age, although it is probable that a limited number of younger and older lavas are also included in the collection. Their palaeomagnetic contribution would tend to average out to a Miocene observation, but increase the confidence parameter size. Wherever possible, sequences of successive lavas have been collected. The samples are, however, mostly confined to roadcuts, because of the general inaccessability, as well as very weathered nature of the natural outcrops.
A petrol-powered drill (Doell & Cox 1965) has been used to take at least three cores, of 2-5 cm diameter and average length 10 cm, from each body sampled. The cores were oriented to an accuracy of 3" of arc, in geographic coordinates, while still attached to outcrop. Some of the lavas exhibit dips up to five degrees, but no evidence shows that this is tectonic in origin. Sample locations are included in Fig. 2(a) -(f) alongside Bebiano's (1932) surface geological maps.
Laboratory methods. Each core was sliced into a specimen for measurement of magnetic properties, and into specimens for petrological, geochemical, and isotope studies, which will eventually be reported elsewhere.
e.m.u. per mm scale deflection was used to measure the natural remanent magnetism (NRM) of each specimen, which was remeasured twice after the application of alternating magnetic fields of 100 and 200 Oe, respectively. The mean NRM direction for each body is computed by using one direction from each specimen, resulting from either the 100 or 200 Oe treatmect, so that a minimum scatter NRM is calculated. Watkins & Richardson (1 967) have discussed the reasons for this procedure.
An astatic magnetometer with a maximum sensitivity of
Results
The mean NRM, together with additional Fisher (1953) statistics, are shown for each body in Table I . Sample numbers correspond to the locations shown in Fig. 2 (a)-(f). As indicated, some of the sampled bodies have a NRM which is too poorly defined (Vincenz & Bruckshaw 1960) to be considered a reliable indicator of the ancient geomagnetic field direction. The data for each island are presented as equal-area projections and as virtual geomagnetic poles in Fig. 3(a) -(f). Combining the NRM for each body provides the palaeomagnetic pole for Santa Antao, Sao Vicente, Sao Nicolao and Sao Tiago, and a mean virtual geomagnetic pole for the samples from Sal and Maio, in Fig. 4 . (It is considered that sufficient samples were collected from the first four islands to minimize secular variation and, therefore, to provide a reasonable estimate of the spin axis position, but too few samples could be collected from Sal and Maio.) Ninety-five per cent ovals of confidence are omitted for clarity. Since only one lava was sampled on Fogo, presentation of the resulting data is confined to the tables.
Discussion
Discussion is most appropriately made about the significance of the polarity variation in each island, prior to consideration of the combined data for each island, and the result of combining all data for the entire survey.
(i) Polarity variation in each island
Santa Antao. (Figs 2(a) and 3(a) ). The bodies sampled range stratigraphically from lavas and dikes deep within the great canyon of Ribeira Grande (units 8-13) to the capping phonolites in the north-central area at over 100 m above sea level (unit 43). The youngest rocks, which include welded tuffs, occur along the northeastern coast (units 13-16). Generally, the lavas sampled are massive, ranging between 10 and 50 m thick, but the dikes average only about 5 m in width.
Despite the large range in elevation of those sampled bodies which are away from the coastline, only a single polarity (reversed) is encountered, suggesting either a long reversed Miocene geomagnetic polarity epoch, or very rapid accumulation of about 
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No. No. 3  3  3  3  3  3  3  3  3  3  3  3  2  3  3  3  3  3  3  3  3  3  3  3  3  3  3 )). The highest point in Sao Vicente is less than one half that of the highest peak in Santa Antao, but more polarity variation is encountered. Limited sequences of lavas at the higher altitudes in Sao Vicente, such as units 9-13, 14-20, 36-42 and 47-51 are similar to the situation in Santa Antao, however, in that only reversed polarities occur. It is therefore possible that the period of reversed geomagnetic polarity recorded on Santa Antao was aIso a time of volcanic activity on Sao Vicente, although the lavas on the latter island are generally different in character, being much thinner, averaging only about 12 m in thickness, with very thick lavas absent. Sao Vicente also features petrologically unusual bodies such as the Pedras Blancas quartz monzonite plug (Part 1950b) which is intruded by narrow limburgite dikes. Both dike and plug (units 7 and 8) are reversely magnetized.
The lower slopes of the higher features on Sao Vicente are stratigraphically distinguishable from the upper areas, by their normal polarity (units 21-27, 4345) or mixed polarities (units 28-36). Clearly, within-island stratigraphic mapping can profitably employ palaeomagnetic data in Sao Vicente. Watkins et ul. (1966b, p. 473) have summarized the field methods used.
Suo Nicoluo. (Figs 2(c) and 3(c)). A major erosional scarp immediately north of the town of Brava is composed of lavas in excess of 15m thickness (units 1-5). These are of reversed polarity throughout. The limited sequence of lavas on the coast at Pedra do Guizinho (units 9-1 3) are indistinguishable from the Brava section on the basis of polarity, although normal polarity lavas exist between these areas (units 6-8). Very large outcrops exist in the western part of the island, but local circumstances prevented any visits to the area.
Sul. (Figs 2(d) and 3(d) ). The reversed polarity of two topographically prominent columnar basalt piles or plugs (units 1 and 2) suggest that they may not be separate in time, but they differ in time of emplacement from the normal polarity phonolite masses (units 7 and 8) and the prominent lava near Palmeira (unit 5).
In general, drastic weathering characterizes any other positive relief in Sal, and those volcanics below the major unconformity cannot be readily related to their original in situ position. For these reasons, only limited palaeomagnetic data has been obtained for the island, and this is interpreted to be unlikely to represent an axial dipole, because of limited cancellation of the secular variation components.
Muio. (Figs 2(e) and 3(e) ). Field operations were extremely difficult on Maio, for several reasons. In any case, the island resembles Sal in that weathering has virtually eliminated all but a few suitable outcrops above the major Post-Upper Cretaceous unconformity and, therefore, no axial dipole is likely to result from the data.
A monzonite intrusion (unit 2) with very large tourmalines is itself intruded by limburgite dikes (unit 3). Both units are of normal polarity. An extensive horizontal pillow lava (unit 4) underlying a thick organic limestone has a reversed polarity which contrasts with the normal polarity of the other sampled lava (unit l), thus providing a potential in local mapping techniques. per cent confidence oval, parallel and normal to great circle through sample site and virtual geomagnetic pole position (4',0').
Other symbols as in Table 1 .
A11 statistics are Fisher (1953) statistics, applied using unit vector per body. Note that Foga data omitted from combined analysis.
Sao Tiago. (Figs 2(f) and 3(f) ). From close to sea level at Ribeira da Barca, through deeply dissected valleys to the higher central part of the island to south of Santa Catarina, only normal magnetic polarities were reliably defined (units 1-16), although units 14 and 15 may be reversely magnetized. These lavas, which are up to 30 m in thickness, are succeeded southward by a sequence of thinner lavas, or flow units (units 17-27) which are also normal polarity throughout. A change southward to less rugged relief occurs in the area of unit 28, as the surface volcanics become generally younger, and it is south of this area that the sampled bodies are seen to be all of reversed polarity (units 28-36) . This characteristic polarity includes that of the nepheline monzonite of Riberia Sao Jorge (unit 32), which has been described by Part (1950b) , who has also described the petrology of some of the Miocene sediments near Praia, (Part 1951) .
It remains to be seen whether the present simple division of the island into dominantly normal polarity central part, and reversed polarity southern segment, is applicable in general.
Fogo. Only an extremely short landing was possible on the island, although the morphology was examined in some detail from the air. A single lava on the northeast coast at latitude 24" 20' West was sampled. This body is undoubtedly of Recent to Pleistocene age, and since the geomagnetic field is thought to have been entirely of normal polarity since 0.7 million years ago (Doell ef al., 1966) , the lava was expected to be of normal polarity, and this is the case (Table l(g)).
Sea cliffs up to 70m high occur on the western and northwestern side of the island, however, and it is conceivable that rocks older than 0.7 million years, and therefore of possible reversed polarity, occur on the island.
(ii) Combined data for each island Fig. 4 shows the virtual geomagnetic poles (VGP) obtained using unit vector per lava, for each island. Since only one sample was obtained from Fogo, the virtual geomagnetic pole is not included.
The VGP for Maio and Sal are furthest from the geographic pole, and this could be interpreted to indicate a greater age for the outcrops. But as argued earlier, the data from Sal and Maio are far too limited to permit consideration of the corresponding mean VGP as being palaeomagnetic poles (which, by convention, are taken to indicate a reasonable estimate of the geographic pole). This limitation is emphasized by the very large confidence ovals for Sal and Maio (Table 2) which easily enclose the geographic pole. Clearly the VGP for Sal and Maio can have little significance.
The VGP for Santa Antao, Sao Vicente, Sao Nicolao and Sao Tiago are interpreted, on the basis of data volume, to be reasonable representations of axial dipole configurations. The ovals of confidence (Table 2) , which are omitted from Fig. 4 , almost (but not quite) enclose the present geographic pole. This observation is consistent with Doell & Cox's (1962, p. 294 ) observation that there is some indication in the literature that the Miocene geographic pole may be slightly removed from the present geographic pole.
The relatively low inclination of the mean NRM values for each island (Table 2 ) indicate that the data are sensitive to rotation about a vertical axis. (This would not be the case with steep inclinations, as found in higher latitudes.) The high latitudes of the VGP show that no significant rotation of any island about a vertical axis has taken place since the Miocene. Therefore if any crustal spreading has taken place since the Miocene in this part of the Atlantic, it has not been of the differential type, which has been suggested to have occurred, for example, in the northeastern Pacific (Vine 1966) , and perhaps in the Bay of Biscay . (iii) Combined data for the entire survey All data, excluding that single data point from Fog0 (which is clearly PostMiocene) have been combined using unit vector per body, to produce the mean virtual 0" Fig. 4 . Virtual geomagnetic poles for each island, obtained by assigning unit vector to each body. Ovals of confidence are omitted for clarity but are included in Table 2. geomagnetic pole for the entire survey. The result is given in Table 2 and Fig. 5 , which also includes results from earlier surveys of the Macaronesian insular region (Watkins ef al. 1966a, b) . The result is interpreted to be a good measure of the Miocene geomagnetic pole position for this part of the Atlantic. At the 95 per cent confidence level this is significantly different from the present spin axis, but is very similar to earlier reported Miocene pole positions for Madeira and some of the Canary Islands, suggesting similarity in average ages. It may be important to realize that identical field and laboratory methods have been used in all these studies. This reinforces the conclusions made when considering the results for each island: the Miocene is likely to be a period when the spin axis was slightly removed from its present position for a substantial period of time, and no Post-Miocene differential crustal spreading has occurred in the East-Central Atlantic. In addition, the combined results shown in Fig. 5 would appear to provide very strong evidence that, since the Lower Tertiary, the geographic pole has migrated towards its present position along a path confined to the area between 90" and 180" East, unless the geomagnetic field behaviour was controlled by unknown factors which vary regionally.
Summary and conclusions
Just less than five hundred separate cores from the Cape Verde Islands have been used to obtain the following results:
(1) Northeastern Santa Antao and Sao Vicente, which reach loo0 m above sea level, are composed dominantly of reversely magnetized lavas and, because of the existence of interbasaltic soils, this would appear to be most likely caused by a relatively long-duration reversed geomagnetic polarity epoch during the Miocene. Dagley ef al. (1967, p. 28) believe that a long reversed polarity epoch existed during the Lower Tertiary. Inspection of Irving's (1964) summary of palaeomagnetic data shows that many Miocene surveys report reversely magnetized materials, thus strengthening the suspicion of the existence of a long reversed polarity epoch during the Miocene. This would be in conflict with the polarity epoch duration predictions by Heirtzler et al. (1968, Fig. 3) , which are based on constant rate of crustal spreading, and therefore would suggest that perhaps an underlying assumption involved in the predictions is not valid. On the other hand, thick sections of basalt have been observed t o accumulate in a relatively short period: for example, Doell &Cox (1961) showed that much of the surface of the island of Hawaii accumulated during the last 0.7 million years, so that until additional relevant data is obtained, the possibility of rapid accumulation of the reversely magnetized sections on Santa Antao and Sao Vicente cannot be positively precluded.
(2) Polarity variations have high potential for future detailed stratigraphic mapping on most islands, but would appear to be of minimal value on most of northeastern Santa Antao and Sao Vicente (except at lower altitudes). Sao Tiago may possess a relatively simple palaeomagnetic stratigraphic character with the north-central area being of normal polarity, and the south of reversed polarity. On a between-island basis, Sao Tiago is strongly differentiated from the islands to the north by its normal polarity dominance.
(3) The palaeomagnetic poles for Santa Antao and Sao Vicente are similar to those from Sao Nicolao and Sao Tiago, the sampled lavas of which are mainly Miocene in age. Therefore the sampled lavas on Santa Antao and Sao Vicente are inferred to also be mainly Miocene.
(4) Palaeomagnetic poles for Santa Antao, Sao Vicente, Sao Nicolao and Sao Tiago, and the palaeomagnetic pole for the entire survey provide evidence that the Miocene palaeomagnetic pole, and therefore probably the spin axis, was slightly removed from the present geographic pole; that Post-Miocene tectonic rotation about a vertical axis (or differential crustal spreading) has not taken place in this part of the eastern Atlantic; and that the Miocene palaeomagnetic pole position for the Cape Verde Islands coincides with the established polar wandering curve for Europe.
(5) The sampled units on Maio and Sal are too few, and possess too poorly defined NRM directions, to provide conclusions other than the fact that both normal and reversed polarities occur, and therefore that magnetic data has local stratigraphic potential.
